Molecular dynamics study on lipid A from Escherichia coli: insights into its mechanism of biological action  by Frecer, Vladimir et al.
Molecular dynamics study on lipid A from Escherichia coli :
insights into its mechanism of biological action
Vladimir Frecer a, Bow Ho b, Jeak Ling Ding a;*
a Department of Biological Sciences, Faculty of Science, National University of Singapore, Science Drive 4, Singapore 117543, Singapore
b Department of Microbiology, Faculty of Science, National University of Singapore, Science Drive 4, Singapore 117543, Singapore
Received 6 October 1999; received in revised form 4 January 2000; accepted 21 February 2000
Abstract
Structural properties of the Escherichia coli lipid A moiety were analysed by means of molecular mechanics and molecular
dynamics simulations and compared to synthetic monophospho and dephospho analogues with different biological activities
in the Limulus assay. The conformation of glucosamine disaccharide headgroup, order and packing of fatty acid chains,
solvation of phosphate groups, coordination by water molecules, sodium counterions and models of cationic amino acid side
chains were described in terms of mean values, mean residence times, radial distribution functions, coordination numbers,
solvation and interaction energies. Solvation and polar interactions of the phosphate groups were correlated to known
biological activities the lipid A variants. The observed relationship between the biological effect and the number and position
of the phosphate groups were explained with the help of simple mechanistic models of lipid A action. The possible
mechanism of action involving specific binding of lipid A disaccharide headgroup to cationic residues of a receptor model
was compared with an alternative mechanism, which assumes a relationship between the ability to adopt non-lamellar
supramolecular structures and the biological activity. Conclusions are drawn about the probable mode of lipid A action.
Implications for rational drug design of endotoxin-neutralising agents are discussed. ß 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction
Lipopolysaccharides (LPS, also known as endo-
toxin) represent the major structural components of
the outer membrane of Gram-negative bacteria and
are responsible for a variety of pathophysiological
activities in mammals [1,2]. Stimulation of the host
immune system by LPS after bacterial infection leads
to physiological events resulting in toxic shock syn-
dromes [3]. LPS is known to form supramolecular
aggregates in aqueous solutions that may be impli-
cated in its biological activity [4]. However, in the
Limulus amebocyte lysate test [5], the LPS monomer
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Abbreviations: CD14, cell surface receptor of LPS; GlcN, glu-
cosamine; HDM, 1,16-hexadecanediamine; LA-15-PP, natural
lipid A from Escherichia coli (1,4P-bisphosphorylated L-(1,6)-
linked D-glucosamine disaccharide with six amide-/ester-linked
(R)-3-hydroxymyristic acid chains; LA-15-HP, synthetic lipid A
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[6] has been demonstrated to be more active than the
aggregates [7]. Lipid A, the membrane anchor of
LPS, is the biologically potent component of LPS
[8]. Interactions of lipid A with the surface of target
cells are still not fully understood. Non-speci¢c inter-
calation of lipid A into the phospholipid membrane
of the host cell has been considered as a possible
mechanism of action [4]. Recently, another mecha-
nism controlling the innate immune responses to LPS
challenge has been suggested [9,10]. It assumes lipid
A binding to soluble LPS-binding protein (LBP) [11].
The LBP subsequently facilitates transfer of LPS to
the cell surface receptor of LPS (CD14) [12], a re-
ceptor that participates in LPS-induced cell activa-
tion. Most recently some members of the family of
human toll-like receptors (TLR2, TLR4) [13,14] have
been linked to the LBP/CD14 mediated LPS trans-
membrane signalling from the host cell surface to the
nucleus.
The lipid A of Escherichia coli is a 1,4P-bisphos-
phorylated (1,6)-linked L-D-glucosamine disaccharide
with four amide-/ester-linked (R)-3-hydroxymyristic
acid chains in 2,2P,3,3P positions of the glucosamine
(GlcN) headgroup [15] (Fig. 1). The hydroxy acid
chains in 2P,3P positions are acylated with dodecanoic
and tetradecanoic acids, respectively. Bioactivity test-
ing of lipid A variants from di¡erent bacterial strains
[16] and synthetic lipid A analogues [17] provided
some information on the structural requirements de-
termining the endotoxic activity. The three-dimen-
sional structure of LPS receptors and the mode of
lipid A binding to these macromolecules remains un-
known. Elucidation of the molecular basis for the
structure^activity relationships and rationalisation
of experimentally observed endotoxic activities of lip-
id A analogues is therefore much desired. Identi¢ca-
tion of the molecular mechanism of lipid A binding
to the receptors of mammalian cells could namely
lead to rational strategies for design of anti-endotox-
in therapeutics for treatment of bacterial infections.
Recently, the disaccharide headgroup of lipid A
was shown to be essential for binding to the host
cells, whereas the hydrophobic fatty acid chains
were found to be critical for induction of cytokines
[18]. The prominent role of the charged phosphates
has been recognised [17,19]. For example, the bioac-
tivities of bisphospho, C1-/C4P-monophospho and
dephospho variants of lipid A from E. coli span
four orders of magnitude in the Limulus assay rang-
ing from highly-toxic to non-toxic [17]. Interest in
the phosphates was also stimulated by the observa-
tion that putative binding sites in LPS-binding pro-
teins [20^22] and endotoxin neutralising antibacterial
peptides [23^26] contain higher number of cationic
amino acid residues.
In the absence of structural information on the
lipid A receptors, the mode of lipid A-receptor bind-
ing can be deduced from the structure, symmetry and
reactivity of the lipid A variants when correlated
with their experimental endotoxic activities. Molecu-
lar modelling techniques [27,28] o¡er the advantage
of description of lipid A-receptor interactions at the
atomic level when experimental data are missing.
Only a limited number of molecular modelling stud-
ies have so far been devoted to LPS. Kastowsky et
al. [29,30] used molecular modelling to study the
three-dimensional structure and conformational £ex-
ibility of E. coli LPS. Wang and Hollingsworth [31]
Fig. 1. The chemical structure of lipid A from E. coli. It con-
sists of 1,4P-bisphosphorylated L-(1,6)-linked D-GlcN disaccha-
ride (GlcN-II-GlcN-I) with four 2,2P-amide- and 3,3P-ester-
linked (R)-3-hydroxymyristic acid chains. Hydroxyl groups of
(R)-3-hydroxymyristic chains in 2P,3P positions are acylated by
side chains of dodecanoic (2Q) and tetradecanoic (3Q) acids. The
torsion angles describing the GlcN disaccharide inter-glycosidic
linkages are de¢ned as: b= (OP,C10 ,Og,C6), i= (C10 ,Og,C6,C5)
and P= (Og,C6,C5,O).
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studied the structure of E. coli lipid A moiety and
symmetry patterns in lipid A molecular aggregates.
The aggregation of LPS has also been studied with
the help of Monte Carlo methods [32] by adopting a
simpli¢ed geometric representation of LPS mole-
cules. Monte Carlo simulations with NMR derived
restraints have been applied to determination of the
structure of the core-lipid A region of Vibrio cholerae
by Vinogradov et al. [33]. Obst et al. [34] carried out
a molecular dynamics (MD) study of hydrated lipid
A and conserved core portion of LPS (ReLPS) from
E. coli. However, only limited e¡ort has been de-
voted to elucidation of the molecular mechanism of
lipid A action at the molecular level or quantitative
structure^activity relationships of lipid A variants.
The aim of the present work is to explore confor-
mational and dynamic properties of lipid A from E.
coli and its synthetic monophospho and dephospho
variants in aqueous solution to determine whether
the observed endotoxic activity [17] can be attributed
to particular structural features of the lipid A moiety.
Structural and dynamic characteristics obtained from
MD and molecular mechanics (MM) simulations
were used for evaluation of conformational stability
of the disaccharide headgroup, £exibility and order
of the acyl chains and solvation and interaction char-
acteristics of functional groups of lipid A analogues.
We have attempted to rationalise the observed de-
pendence of the Limulus assay activities on the num-
ber and position of the phosphate groups in the lipid
A moiety by comparing two simple mechanistic mod-
els of lipid A action with the experimental bioactivity
data. The ¢rst mechanism of action assumes speci¢c
interactions of the lipid A headgroup with a protein
receptor on the host cell surface. The second mech-
anism relates the molecular shape of the lipid A moi-
ety or the ability to adopt non-lamellar supermolec-
ular structures to its biological e¡ect [4]. Results of
the simulations are discussed from both geometric
and energetic points of view and conclusions are
drawn about the possible molecular mechanism of
lipid A action. Strategies for rational design of
anti-endotoxin agents are also proposed.
2. Computational methods
2.1. Lipid A moiety
The crystal structure of LPS attached to the sur-
face of the ferric hydroxamate uptake receptor [35]
was used as the starting model of the E. coli lipid A
moiety (the natural lipid A from Escherichia coli
(1,4P-bisphosphorylated L-(1,6)-linked D-glucosamine
disaccharide with six amide-/ester-linked (R)-3-hy-
droxymyristic acid chains (LA-15-PP)). The general
shape of the molecule, mutual orientation of the
GlcN rings, conformation of the amide-/ester-link-
ages and the parallel alignment of the six fatty acid
chains in the crystal structure [35] were adopted in
the initial model. The starting conformation of L-
(1,6)-glycosidic linkage of the disaccharide head-
group (GlcN-II-GlcN-I) was taken from modelling
studies in solution [34] and was further explored by
a full conformational search. The model of LA-15-
PP was re¢ned using the Biopolymer module of the
InsightII program, version 97.0 [36] (Fig. 2). The
structures of synthetic monophospho and dephospho
variants of the lipid A lacking the C1-phosphate
group (LA-15-PH), C4P-phosphate group (LA-15-
Table 1
Notation and structure of lipid A from E. coli and its synthetic monophospho and dephospho analogues
Analoguea R(4P)b R(3P) R(2P) R(3) R(2) R(1)
LA-15-PP PO4H3 C14-O-(C14) C14-O-(C12) C14-OH C14-OH PO4H3
LA-15-PH PO4H3 C14-O-(C14) C14-O-(C12) C14-OH C14-OH OH
LA-15-HP OH C14-O-(C14) C14-O-(C12) C14-OH C14-OH PO4H3
LA-15-HH OH C14-O-(C14) C14-O-(C12) C14-OH C14-OH OH
aNotation of the lipid A analogues was taken from [17] and references cited therein.
bLA-15-PP, LA-15-PH, LA-15-HP and LA-15-HH analogues denote 1,4P-diphosphate, 4P-monophosphate, 1-monophosphate and de-
phospho lipid A analogues, respectively; C14-OH ^ (R)-3-hydroxytetradecanoyl; C14-O-(C14) ^ (R)-3-tetradecanoyloxytetradecanoyl ;
C14-O-(C12) ^ (R)-3-dodecanoyloxytetradecanoyl. The O-(C14) acyl chain branch in position R(3P) is also denoted as C3Q-O-acyl chain
and the O-(C12) acyl chain branch in position R(2P) is also denoted as C2Q-N-acyl chain in the text.
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HP) or both (LA-15-HH) [17] were derived from the
LA-15-PP model by replacing the individual phos-
phates with hydroxyl groups (Table 1). A formal
charge of 31 e was assigned to each phosphate
group with a net charge of 30.85 e placed on each
non-protonated oxygen. All atomic charges were tak-
en from the force ¢eld library and were used consis-
tently throughout the study. Sodium counterions
were added to neutralise the phosphate groups in
solution at physiological conditions. The initial posi-
tion of the Na ions in the vicinity of the phosphates
was re¢ned by minimisation in vacuum. Na ions
were assigned a formal charge of +1 e.
A 1,16-hexadecanediamine moiety (HDM) with
two charged ammonium groups was used as a simple
pseudoreceptor model, which represented two cati-
onic amino acid side chains of spatially constrained
lysine residues. The HDM was docked to the lipid A
analogues in an all-trans conformation with the am-
monium groups approaching the phosphates. The
mutual positions of the PO4H3 groups of lipid A
and NH3 groups of HDM were re¢ned by minimi-
sation in vacuum. The ammonium groups of HDM
were assigned a formal charge of +1 e with a net
charge of 0.28 e placed on each hydrogen.
2.2. MM and MD simulations
MM and MD simulations on four solvated lipid A
analogues were carried out by the Discover program,
version 2.97 [36], using all-atom representation. Class
II consistent force ¢eld (CFF91) [37,38] was applied
throughout the study. This force ¢eld uses Morse
potential to model covalent bonds, includes an
anomeric carbon atom and does not possess explicit
hydrogen bonding potential term. CFF91 has been
previously used successfully in molecular modelling
of carbohydrates [39,40], hydrogen bonding interac-
tions [41] and conformational analyses [42].
To explore the conformational space of L-(1,6)-
glycosidic linkages of the lipid A headgroup, all com-
binations of the torsion angles b= (OP,C10 ,Og,C6),
i= (C10 ,Og,C6,C5), P= (Og,C6,C5,O) (Fig. 1) were
sampled in a complete search for stable lipid A con-
Fig. 2. Stick drawings of the most stable lipid A LA-15-PP gtggcttc conformer. (A) Side view and (B) top view show the compact
packing of six all-trans parallel aligned fatty acid chains linked to the GlcN-II-GlcN-I headgroup. The overall shape of the molecule
is cylindrical. Numbering of the fatty acids chains is derived from the attachment atom number of the GlcN ring (2Q and 3Q are the
branch chains in 2P,3P positions). Hydrogen atoms have been omitted for better clarity.
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formations. The same starting con¢guration with
compact alignment of fatty acid chains was used
for each {b,i,P} point of the conformational energy
hypersurface for a given lipid A analogue. Only a
lipid A conformation with fully aligned acyl chains
can act as a hydrophobic membrane anchor of LPS
[1], or form supramolecular aggregates in solutions
[4]. Therefore, only the con¢gurations with parallel
fatty acid chain arrangements were explored. The
torsion angles were sampled from 3180‡ to 180‡
with an increment of 30‡ using a torsion forcing ex-
pansion term with a force constant of 100 kcal mol31
rad32. Each of the 2197 generated lipid A conforma-
tions was extensively minimised using steepest de-
scent and conjugate gradient algorithms until conver-
gence was reached at the gradient of 0.01 kcal
mol31Aî 31. The dielectric constant was set to one
during all MM, MD simulations. Boltzmann proba-
bility distributions P{b,i,P} [43] were calculated
from the relaxed MM potential energy hypersurface
EMM{b,i,P} for each {b,i,P} point. This probability
describes the extent of rotational freedom about the
glycosidic bonds and the relative populations of in-
dividual low-energy conformational states. It is de-
¢ned as:
Pfb ; i ; P g  exp3EMMfb ; i ; P g=RT =4b ;i ;P
exp3EMMfb ; i ; P g=RT  1
where R is the gas constant and T is the temperature.
Highly populated conformational states with com-
pact alignment of the acyl chains has been classi¢ed
according to the conformations of exocyclic side
groups of the 4C1 D-GlcN rings GlcN-II and GlcN-
I. Hydroxymethyl groups had either gauche-gauche
(gg) or gauche-trans (gt) orientations (relative to
ring C4 and O atoms, respectively) [44]. Cis (c) and
trans (t) orientations of the NH and O^CNO groups
of amide-/ester-linkages (relative to the pertinent ring
carbon protons) were found. Notation for the head-
group conformations is given with the following or-
der of the relevant functional groups
{C6P,C6,2P,3P,2,3}.
Conformational £exibility of the glycosidic link-
ages of the GlcN-II-GlcN-I headgroup, amide-/es-
ter-linkages and fatty acid chains of solvated lipid
A analogues were studied by MD simulations. The
MD simulations were performed in NVT ensemble.
Monomers of lipid A analogues were immersed in a
rectangular solvent box of the size (26U30U22) Aî 3
¢lled with approximately 450 pre-equilibrated water
molecules at 300 K. The size of the box allowed at
least 4 Aî distance from the lipid A moiety to the
boundaries of the box. Periodic boundary conditions
were used in x, y and z directions [45]. The system
was heated from 0 to 300 K over a period of 5 ps
and allowed to equilibrate for 5 ps. Data collection
was carried out for 100 ps, the trajectory was aver-
aged and recorded every 50 steps (over 0.05 ps inter-
vals) and the non-bonded atom list was updated
every 10 steps. Standard deviations (S.D.) of dynam-
ic quantities were obtained by averaging over 2000
coordinate sets generated during the data collection
period and expressed as the mean þ S.D. MD simu-
lations on solvated lipid A analogues complexed with
a single HDM molecule were carried out in the same
periodic box including approximately 430 water mol-
ecules.
The studied small-amplitude internal motions cor-
responding to conformational £exibility within the
low-energy region of the conformational space in-
clude internal motions around the glycosidic linkage,
orientation of phosphate and hydroxyl groups, relax-
ation of the acyl chains, solvent molecules rearrange-
ment and counterion coordination. These motions
£uctuate on a fast timescale of vibrational and rota-
tional motions, which have correlation times shorter
than the MD simulation time [46^55].
The dimensions of the solvent box permitted full
conformational £exibility of the solute. The lipid A
analogues in the box were covered by several solva-
tion shells (the minimum number of solvent shells at
the point of closest distance to the box boundaries
was two). The simulations took into account the
main driving forces that a¡ect the structure and dy-
namics of carbohydrates, namely intra-molecular and
solute-solvent hydrogen bonding and van der Waals
interactions [49], which mainly involve the solvent
molecules of the ¢rst few solvation shells [52,53]. In
this study we have estimated relative trends in the
explicit and implicit solvation energies among vari-
ous lipid A analogues and simulated the e¡ect of
speci¢c solute-solvent interactions upon relative
changes in the energies of ion-pair formation of the
phosphate groups. For such purposes even the rela-
tively modest number of explicit water molecules (ap-
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proximately 450) provides a su⁄ciently clear picture
[52,53].
The conformations of solvated headgroups of lipid
A analogues were analysed in terms of averaged gly-
cosidic linkage torsion angles {b,i,P} and their mean
residence times (MRT). Trajectories from the data
collection period were used for calculation of radial
pair distribution functions (RDF) of water mole-
cules, sodium ions around the phosphate and hy-
droxyl groups. Coordination numbers (CN) of the
phosphates were also evaluated. RDFs represent
the probability of ¢nding the relevant species at a
distance of Gr, r+drf as a function of the distance r
from the central atom during the simulation. They
characterise solvation properties and ion-pair forma-
tion characteristics of the functional group. CNs
were obtained by integration of RDFs and show
the number of the particles in each solvation shell.
MRTs are particularly useful dynamic characteristics
of the solute structure and solvent mobility [56] and
represents the portion of the MD simulation time
during which a measured quantity acquires particular
value. RDF, CN and MRT have been previously
used for characterisation of hydration of ReLPS
from E. coli [34].
2.3. Solvent e¡ects and molecular electrostatic
potential (MEP)
MD trajectories of solvated lipid A analogues were
used to assess the e¡ect of the solvent in relation to
the number and position of phosphate groups in the
lipid A moiety. A quantity proportional to the ex-
plicit solvation energy (EEsolv) was derived by averag-
ing the instant solute-solvent interactions of the lipid
A analogues with approximately 450 water molecules
in the periodic solvent box over 200 coordinate sets
recorded every 0.5 ps during the 100 ps MD simu-
lation trajectory. The EEsolv values were corrected
for the number of water molecules in the box and
compared to solvation energy values of lipid A ana-
logues derived from continuum solvent models. Sol-
vation energy of the lipid A analogue in water rep-
resents a quantity that describes the polarity and
ionic character of the molecules and is useful for
estimation of binding free energies in the condensed
phase [57].
The polarisable continuum model (PCM) [58^60]
represents the solvent as a homogeneous medium,
characterised by macroscopic properties, such as di-
electric constant. It employs rigorous treatment of
solute^solvent interactions including the electrostatic,
dispersion and repulsion terms and involves the cav-
itation term that accounts for creation of a realistic
cavity reproducing van der Waals molecular surface
of the solute. The PCM model solves the Laplace
equation for the solute charge distribution using
the boundary element method [59]. A dielectric con-
stant of 1.0 was used for the solute and 80.0 for
water. The atomic radii and charges were taken
from the CFF91 force ¢eld. The atomic polaris-
abilities of Thole [61] were used in the dispersion
term.
Solvation energies were also calculated using the
DelPhi module [36], which solves the Poisson^Boltz-
mann equation using the ¢nite di¡erence method as-
suming continuum representation of the solvent. The
coordinates of the solvated lipid A analogues were
mapped onto a three-dimensional grid with a resolu-
tion of 0.20 Aî per grid point and a border space of
40% of the grid size. The dielectric constant of the
solute and the surrounding water were set to 1.0 and
80.0, respectively. The atomic radii and charges were
taken from the CFF91 force ¢eld.
The MEP was calculated for the solvated head-
groups of lipid A analogues from the Poisson^Boltz-
mann equation using the DelPhi module. The result-
ing MEP was mapped onto van der Waals molecular
surface of the lipid A headgroups and the contours
were coloured according to the MEP magnitudes.
2.4. Order and packing of fatty acid chains
The dynamic behaviour, shape and packing of the
six aliphatic fatty acid chains in the lipid A ana-
logues were investigated in terms of order parameter
(Sc), packing parameter (P) and average chain length
(Laver). The order parameter describes the orienta-
tion of methylene groups of the fatty acid chains
of lipid A moiety relative to a reference vector. It
was calculated from the average angle, a, between
a C^H bond vector of a methylene group in the
fatty acid chain and the reference vector, as:
MScM  M3Gcos2a f31=2M [62]. The centre of mass
of the lipid A headgroup was connected to the centre
of mass of the acyl chain portion of the molecule by
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a reference vector [34]. The angle a has been aver-
aged over the lipid A trajectory and the correspond-
ing MScM depicts the dynamic behaviour of the 10
last methylene groups of the six acyl chains
{2,3,2P,2Q,3P,3Q}.
According to the theory of Israelachvili [63], the
packing parameter characterises the ability to form
supramolecular aggregates by packing of the mono-
mers. Packing of lipid A molecules can be estimated
from geometric parameters such as cross-section (ao)
of the hydrophilic headgroup GlcN-II-GlcN-I and
the hydrophobic fatty acid chain portion (V/lc) of a
lipid A monomer using the formula: P = V/(aolc).
The critical chain length (lc) and volume of the hy-
drophobic portion of the moiety (V) can be eval-
uated by the formulas given by Tanford [64] as:
lc = (1.54+1.27n) Aî and V = (27.40+26.90n) Aî 3, for
a saturated hydrocarbon chain with n carbon atoms.
Depending on the packing parameter value, the
formation of spherical micelles (P6 1/3), globular
or cylindrical micelles (1/36P6 1/2), vesicles
(1/26P6 1), planar bilayers (Pw1), or inverted mi-
celles (Ps 1) is predicted. The averaged headgroup
cross-section, ao, of the lipid A analogues was de-
rived from the MD simulation data as a projection
of the GlcN-II-GlcN-I headgroup to a plane per-
pendicular to the reference vector assuming an ap-
proximate rhomboid shape of the headgroup projec-
tion.
The chain length was calculated by averaging
the distance between the ending methyl group and
the 12th methylene group from the acyl chain end
over the MD trajectory for the solvated lipid A ana-
logues. The Laver was also averaged over the six
fatty acid chains {2,3,2P,2Q,3P,3Q} for each lipid A
analogue.
The average tilt angle between the axis of the dis-
accharide headgroup connecting the centres of mass
of GlcN-II and GlcN-I rings and the normal vector
in the direction of the fatty acid chains, was com-
puted for each snapshot conformation and averaged
over the whole MD trajectory. The average bend
angle between two planes intersecting the
{OP,C2P,C4P} and {O,C2,C4} atoms of the two rings
GlcN-II and GlcN-I was calculated from the MD
trajectory. It describes the shape of the disaccharide
headgroup and the mutual orientation of the GlcN
rings.
3. Results and discussion
3.1. Structure of lipid A molecule
Conformations of L-(1,6) glycosidic linkages in the
LA-15-PP, LA-15-PH, LA-15-HP and LA-15-HH
analogues (Table 1) were explored by a full confor-
mational search over the torsion angles {b,i,P}.
Only the conformations with compact alignment of
the fatty acid chains were considered since these are
expected to form the lipid A con¢guration integrated
in the outer layer of bacterial membrane or to be
present in polar solvents due to hydrophobic inter-
actions. Table 2 lists the relative energies (vErel), lo-
cation of the minima on the EMM{b,i,P} hypersur-
face, Boltzmann probabilities of the conformations
P{b,i,P} and r.m.s. deviations of the GlcN-II and
GlcN-I rings of the global minimum conformations
of the monophospho and dephospho lipid A ana-
logues from those in the LA-15-PP minimum energy
conformation. The global minimum energy confor-
mation of the L-(1,6) glycosidic linkages of all the
studied analogues laid in the same region of the po-
tential energy hypersurface, near the point
{b,i,P} = {387,3103,366}‡. A collection of low-en-
ergy conformations with Boltzmann population
probabilities P{b,i,P} between 1 and 5% and relative
energy di¡erences vErel6 2.5 kcal mol31 with respect
to the global energy minimum were found in the
vicinity of the global minimum for each lipid A ana-
logue. In these conformations a minor shift along the
b, i or P directions typically did not exceed 20‡. All
the low-energy conformations retained the compact
parallel alignment of the fatty acid chains and the
cttc conformation of the {2P,3P,2,3} amide-/ester-
linkages present in the starting conformation gtggcttc
(Fig. 2). In the global minimum structure the hy-
droxymethyl group of the GlcN-I ring involved in
the L-(1,6) linkage acquired the gg conformation.
Mutual positions and orientations of the GlcN-II
and GlcN-I rings and the phosphate groups were
preserved in the global minimum conformations of
the lipid A analogues. The positions of the GlcN
remained within averaged r.m.s. deviation of 0.12
Aî for the heavy atoms compared to the global mini-
mum conformation of LA-15-PP (Table 2). Planes of
the two GlcN rings retained an almost constant bend
angle of approximately 62‡ for all lipid A analogues
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with relatively low standard deviations, which indi-
cate rigidity of the headgroup con¢guration. In the
global minimum conformation the orientation of the
C4P-phosphate group was stabilised by a hydrogen
bond to C6P-OH group of the GlcN-II. The C1-phos-
phate group was linked by hydrogen bonds to C2-
NH group, and -OH group of the C2 amide-linked
(R)-3-hydroxymyristic acid chain.
Low populated alternative gtgtcttc conformation
with gt conformation of the C6 hydroxymethyl
group of the GlcN-I ring shared the overall molec-
ular shape, compact alignment of the fatty acid
chains and orientation of the GlcN-II and GlcN-I
rings with the global minimum conformation of the
LA-15-PP. The less stable gtgtcttc conformers of the
GlcN rings were linked by an inter-residue hydrogen
bond C2P^NHTOH^C4. The conformation of the
£exible L-(1,6) glycosidic linkages was, however, dif-
ferent. The {b,i,P} torsion angles of these conforma-
tions were equal to approximately {48,145,170}‡ (Ta-
ble 2). The position and orientation of the GlcN-II
and GlcN-I rings, however, resembled that of the
more stable gtggcttc conformation.
Wang and Hollingsworth [26] reported a stable
conformation with torsion angles {b,i,P} = {375,
397,353}‡ for a model of a bisphospho headgroup
of lipid A using MM2 and Dreiding force ¢elds,
which compares well with our results obtained for
the stable gtggcttc conformation. Obst et al. [34]
found the glycosidic torsion angles averaged over a
set of six bisphospho E. coli ReLPS conformations
{b,i,P} = {365,3160,370}‡ with closely packed acyl
chains in a MD simulations in water using
CHARMM force ¢eld. The average {b,i,P} torsion
angles lie in the same energy hypersurface region as
our predicted values for the lipid A analogues.
No signi¢cant geometrical di¡erences in the mo-
lecular shape, mutual position and orientation of the
GlcN rings, orientation of the phosphate groups or
compact alignment of the fatty acid chains were
found for the stable gtggcttc conformations of the
four considered lipid A analogues. The number and
position of the phosphate groups in the chemical
structure of the lipid A moieties did not impose sig-
ni¢cant consequences upon the conformation or in-
tra-molecular interactions of the lipid A analogues
that could be directly related to varying experimental
biological activities of these molecules.
3.2. MEP of lipid A headgroups
The MEP pattern mapped onto the molecular van
der Waals surface illustrates the signi¢cance of
charged or polar reactive functional groups such as
PO4H3 in the bisphospho, monophospho and de-
phospho lipid A analogues (Fig. 3). Clear patterns
Table 2
Energy minima and torsion angles of L-(1,6)-glycosidic linkages of lipid A analogues.
Analoguea vEbrel P{b,i,P}
c bd i P r.m.s.d.e Conformationf
LA-15-PP 0.0 57.4 389 3102 362 0.0 gtggcttc
5.2 0.0 46 142 163 ^ gtgtcttc
LA-15-PH 0.0 56.3 387 3105 368 0.11 gtggcttc
8.8 0.0 47 143 174 ^ gtgtcttc
LA-15-HP 0.0 53.8 387 3100 364 0.04 gtggcttc
3.5 0.0 50 147 174 ^ gtgtcttc
LA-15-HH 0.0 55.6 384 3105 368 0.12 gtggcttc
5.0 0.0 45 150 171 ^ gtgtcttc
aNotation of the lipid A analogues is given in Table 1.
bMM energy of a conformer relative to the minimum energy conformation (kcal mol31).
cBoltzmann population probability of gtggcttc and gtgtcttc conformations (%).
dTorsion angles of the L-(1,6)-glycosidic linkages, b= (OP,C10 ,Og,C6), i= (C10 ,Og,C6,C5), P= (Og,C6,C5,O) (Fig. 1).
er.m.s. deviation of heavy atoms in GlcN-II and GlcN-I D-GlcN rings compared to those of the LA-15-PP minimum energy gtggcttc
conformation (Aî ).
f Conformation of hydroxymethyl groups of GlcN-II and GlcN-I rings: gg or gt (relative to ring C4 and O atoms, respectively [44].
c and t orientations of the NH and O^CNO groups of the amide-/ester-linkages of GlcN-II and GlcN-I rings (relative to the ring car-
bon protons). Notation of conformations is in the following order {C6P,C6,2P,3P,2,3}. Only the conformations with compact parallel
alignment of fatty acid chains were considered.
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of negative MEP contours centred on the charged
phosphate groups display the tendency of the phos-
phate groups to engage in electrostatic interaction
such as ion-pair formation or hydrogen bonding.
Polar amide-/ester groups that link the fatty acid
chains to the disaccharide headgroup are sterically
less accessible and thus the exocyclic phosphates
and the hydroxyl groups represent the most reactive
centres in the lipid A molecular structures. It is there-
fore likely that the observed di¡erences in experimen-
tal bioactivity among the bisphospho, monophospho
and dephospho analogues (Table 3), which range
four orders of magnitude from highly active to
non-active substances, are related to the number
and position of the phosphate groups in the lipid A
moiety.
3.3. Dynamics of lipid A molecules in solution
The stable conformations of the glycosidic linkages
of the lipid A analogue headgroups obtained by full
conformational search in vacuum were also pre-
served during the MD simulations in solution. The
dynamic and structural properties derived from the
MD trajectories of solvated lipid A analogues are
summarised in Table 3. The GlcN-II-GlcN-I head-
groups of all four analogues exhibited similar con-
formation of the {b,i,P} torsion angles in water.
Only minor dependence of the glycosidic linkage
conformations on the number and position of the
phosphate groups in the lipid A moiety was detected.
The i torsion angle was more susceptible to varia-
tions. The solvated headgroups of all analogues
showed only limited £exibility of the glycosidic link-
ages as expressed by small standard deviations from
the mean {b,i,P} values (Table 3). The {b,i,P} an-
gles of solvated LA-15-PP in the presence of two
Na counterions displayed average values of
{389,3142,367}‡ (Fig. 4A,B). This average confor-
mation resembled that of the hydrated ReLPS from
E. coli [34] coordinated by two Ca2 ions with the
mean torsion angles {375,3161,376}‡. The overall
shape of each studied lipid A analogue was also re-
tained during the simulation time and no transition
between structures distant in the conformational
space was observed. The £exibility of the amide-/es-
ter-linkages connecting the acyl chains to the GlcN
rings was limited and no change in the starting cttc
con¢guration of these linkages occurred during the
simulation. This is probably due to the stabilising
e¡ect of the solute^solvent non-bonding interactions
and damping of high frequency motions of the sol-
ute.
Fig. 4C shows an important parameter that may
be crucial for the recognition of lipid A by a protein
receptor, namely, the average distance between the
Fig. 3. MEP of solvated headgroups of lipid A analogues. MEP was mapped on the van der Waals molecular surface of the lipid A
analogues coloured by a continuous spectrum (red to blue) that corresponds to partially transparent MEP contours ranging from 320
to 10 kcal mol31 e31.
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Table 3
Structural and dynamic properties of solvated lipid A from E. coli and its synthetic analogues
Property LA-15-HHa LA-15-HP LA-15-PH LA-15-PP LA-15-PP Na
Toxicolor testb 0.00113 0.044 0.83 5.52 5.52
QLA c 0 31 31 32 32
EEsolv
d 3232 þ 41q 3347 þ 56 3391 þ 54 3479 þ 61 3572 þ 79r
Nwat e 456 453 451 450 448
EDsolv
f 357 3108 3124 3215 ^
EPsolv
g 3119 3183 3201 3277 ^
EEint
h 3248 þ 14q 3393 þ 18 3443 þ 19 3561 þ 24 ^
bi 385 þ 13s 384 þ 11 383 þ 11 383 þ 11 389 þ 13
i 3115 þ 20s 3124 þ 17 3131 þ 15 3128 þ 14 3142 þ 17
P 364 þ 8s 364 þ 8 373 þ 11 371 þ 11 366 þ 10
d(P1^P4P)j 10.4 þ 0.2t;u 11.6 þ 0.6t 11.8 þ 0.4u 13.3 þ 0.2 13.1 þ 0.3
Gaw(R) P4Pk 2.9t 2.9t 3.7 3.8 3.8
Naw(R) P4P 1.7t 1.9t 4.5 4.7 3.8
Gaw(R) P1 2.9u 3.7 2.9t 3.7 3.8
Naw(R) P1 2.4u 4.9 2.4t 4.9 4.7
Gana(R) P4Pl ^ ^ ^ ^ 6.5, 8.2v
Nana(R) P4P ^ ^ ^ ^ 0.2, 0.6x
Gana(R) P1 ^ ^ ^ ^ 7.8
Nana(R) P1 ^ ^ ^ ^ 0.9
Bendm 60 þ 7s 62 þ 8 62 þ 7 63 þ 5 63 þ 4
Tiltn 84 þ 1s 69 þ 13 75 þ 17 87 þ 13 96 þ 13
Laver o 12.9 þ 1.0s 12.3 þ 1.6 12.1 þ 2.3 12.6 þ 1.4 12.8 þ 1.0
Pp 1.5 1.1 1.1 0.9 0.9
aFor notation of lipid A analogues see Table 1. LA-15-PP Na denotes solvated LA-15-PP coordinated by two Na ions.
bBiological activity of lipid A analogues, measured by the activation of clotting enzyme cascade in the Limulus assay (Toxicolor test
[5]) was taken from [17].
cMolecular charge of the lipid A analogue (e).
dQuantity proportional to solvation energy of lipid A analogues derived from the explicit solvent model (kcal mol31).
eNumber of water molecules in the solvent box with dimension (26U30U22) Aî 3.
f Solvation energy of lipid A analogues derived from the DelPhi continuum solvent model [36] (kcal mol31).
gSolvation energy of lipid A analogues derived from the PCM continuum solvent model [58^60] (kcal mol31).
hInteraction energy of lipid A analogues with HDM as a simple model for two constrained cationic amino acid residues (Lys) of a re-
ceptor binding site, derived from the explicit solvent model (kcal mol31).
iTorsion angles of the inter-glycosidic linkage and C6^C5 bond: b= (OP,C1P,Og,C6), i= (C1P,Og,C6,C5), P= (Og,C6,C5,O) (Fig. 1)
(‡), for notations of atoms see Fig. 1.
jInteratomic distance between phosphorus atoms of the C1- and C4P-phosphate groups (Aî ).
kPair radial distribution function Gaw(R) and CN Naw(R) of water oxygen atoms around the phosphorus atoms of the C1- and C4P-
phosphate groups.
lPair radial distribution function Gana(R) and CN Nana(R) of Na ions around the phosphorus atoms of the C1- and C4P-phosphate
groups.
mAverage bend angle between the GlcN ring planes intersecting the {OP,C2P,C4P} and {O,C2,C4} atoms of the GlcN-II and GlcN-I
rings (‡).
nAverage tilt angle between the backbone axis of the GlcN-II-GlcN-I headgroup and vectors aligned along the fatty acid chains aver-
aged over the six {2,3,2P,2Q,3P,3Q} chains (‡).
oAverage chain length of the fatty acids chains of lipid A, averaged over the six {2,3,2P,2Q,3P,3Q} chains (Aî ).
pMean packing parameter P = V/(aolc).
qS.D. obtained from averaging 200 coordinate sets recorded every 0.5 ps of the 100 ps MD simulation. Values are expressed as aver-
age þ S.D.
rSolvation energy of LA-15-PP Na includes also the interaction of a lipid A molecule with two Na ions in the EEsolv value.
sS.D. obtained from averaging 2000 coordinate sets recorded every 0.05 ps of the 100 ps MD simulation. Torsion angle values are ex-
pressed as average þ S.D.
t;uComputed for C4P-OH or C1-OH groups instead of phosphate groups.
vTwo distinct peaks were observed on the Gana(R) curve for the C4P-phosphate group.
xNana(R) for the second peak represents its net contribution.
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charged C1- and C4P-phosphate group centres, d(P^
P). The MRT curve of the d(P^P) reached its peak
value at the separation of 13.1 þ 0.5 Aî (Fig. 4D). For
the monophospho and dephospho lipid A variants
the distance from the phosphate to the opposite hy-
droxyl group oxygen was considered instead. The
d(P^P) decreased approximately to 11.7 þ 0.5 Aî and
10.4 þ 0.2 Aî , respectively for the synthetic analogues
(Table 3). The solvent structure in the vicinity of the
charged phosphates and polar hydroxyl groups was
described by the RDF and CN curves computed for
water oxygens (Fig. 4E,F, and Table 3). The RDF
maximum for the ¢rst solvation shell was localised at
a distance of R(P^w) = 3.7^3.8 Aî for the phosphate
groups and at R(O^w) = 2.9 Aî for the C1- and C4P-
hydroxyl groups. The average CN of 4.5^4.9 water
molecules per phosphate group and 1.7^2.4 water
molecules per C1- or C4P-hydroxyl group was deter-
mined for the ¢rst solvation shell (Table 3). The CNs
of the C4P-phosphate or C4P-hydroxyl groups by
water molecules were lower by 0.2 and 0.7, respec-
tively compared to the same functional groups at-
tached to the C1 carbon. This is most probably
due to the steric repulsion e¡ects of the neighbouring
C6P-OH group.
In the simulation on LA-15-PP conducted in the
presence of two Na counterions the CNs of the
phosphates £uctuated between 3.8^4.7 water mole-
cules, which indicates high mobility of the counter-
ions. RDF curves of the Na ion distribution (Fig.
4G) showed two maxima at longer R(P^Na) distan-
ces of 6.8 and 8.2 Aî with the net CNs of 0.2 and 0.6
for the C4P-phosphate group. A single maximum
with the peak at 7.8 Aî and coordination of 0.9 for
the C1-phosphate group was found. Furthermore,
the MRT curve for C4P-phosphate group coordina-
tion by Na (Fig. 4H) revealed that the more distant
second coordination shell is about two times more
frequently populated than the ¢rst one, located closer
to the phosphate oxygens. Animation of the MD
trajectory, starting from the LA-15-PP structure
with the sodium ions localised in the vicinity of the
PO4H3 groups, revealed that the two Na ions were
not constrained to the solvation shells of the phos-
Fig. 4. MD simulation on solvated lipid A from E. coli with phosphate groups coordinated by two sodium ions. (A) Time evolution
of the L-(1,6)-glycosidic linkages of the GlcN disaccharide of LA-15-PP {b,i,P} = {389,3142,367}‡. (B) MRT curves of {b,i,P} tor-
sion angles averaged over 100 ps MD simulation trajectory. (C) Distance between phosphorus atoms of C1- and C4P-phosphate
groups R(P^P) (Aî ). (D) MRT of R(P^P). (E) Radial distribution function Gaw(R) of oxygen atoms of water around the phosphorus
of the C4P-phosphate group; (F) CN Naw(R) of oxygen atoms of water around the phosphorus of the C4P-phosphate group derived
from the Gaw(R) curve; (G) radial distribution function Gana(R) of Na ions around the phosphorus of the C4P-phosphate group; (H)
MRT curve of R(P^Na) distance of Na ions surrounding the phosphorus of the C4P-phosphate group.
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phates but could travel across the solvent box. Com-
parison with the reports of Obst et al. [34] and Holst
et al. [68] who predicted preferred positions of biva-
lent Ca2 counterions in localised positions between
two negatively charged carboxylic and phosphate
groups of ReLPS showed the di¡erent behaviour of
the monovalent Na ions, which did not associate
strongly with the phosphates.
The solute^solvent hydrogen bonding interactions
and the bulk solvent e¡ect of the surrounding water
molecules stabilised the conformations of the
charged and neutral lipid A analogues. A quantity
proportional to solvation energy (EEsolv) of the explicit
solvation model was derived from the simulation tra-
jectories in water (Table 3). The EEsolv decreased with
the decreasing formal charge of the lipid A ana-
logues. For the LA-15-PP coordinated by Na ions
(LA-15-PP Na) it also included the contribution
from averaged interaction with the Na ions. By
subtracting the EEsolv value obtained for the LA-15-
PP, computed without the presence of the counter-
ions, the averaged interaction of the LA-15-PP ana-
logue with the sodium counterions was estimated as
Eana =347 kcal mol31 per one PO4H3TNa ion-
pair. The instantaneous solute^solvent interactions
of the lipid A analogues £uctuated by up to 20%
around the mean value (Table 3 and Fig. 5). For
comparison, we have computed EEsolv of charged pro-
pylphosphate as a model of the phosphate group in
lipid A, protonised propylamine and butane mole-
cule using the explicit solvent model that included
over 200 water molecules in the presence of Na or
Cl3 counterions. The derived EEsolv magnitudes were
equal to 3114 kcal mol31 for the propylamine, 3131
kcal mol31 for the propylphosphate, while the EEsolv
for the neutral butane molecule in water was equal to
only 38 kcal mol31. The net interaction of propyl-
amine and propylphosphate molecules with the Cl3
and Na counterions rendered the interaction ener-
gies of 352 kcal mol31 and 357 kcal mol31, respec-
tively. These values corresponded roughly to the
average energy of ion-pair formation of one phos-
phate group of lipid A with the Na counterion in
solution. The predicted explicit solvation energies of
lipid A are comparable to the results obtained for
larger molecules [65^67].
Solvation energies derived from the continuum
PCM and DelPhi models yielded lower estimates
for the energy of the solute^solvent interaction.
These values correlated well with those derived
from the explicit model (Table 3). Analysis of the
Table 4
Solvation of phosphate groups of lipid A from E. coli and its synthetic analogues
Property LA-15-HHa LA-15-HP LA-15-PH LA-15-PP
QLA b 0 31 31 32
EPsolv
c 3119.3 3183.1 3210.2 3277.3
EPsolv (P4P)d 33.7 36.9 388.9 3104.5
EPsolv (P1) 34.3 378.9 36.8 391.7
Svdw(P4P)e 16.9 16.9 64.3 64.5
Svdw(P1) 18.4 62.5 18.3 62.3
aFor notation of lipid A analogues see Table 1.
bMolecular charge of the lipid A analogue (e).
cSolvation energy of lipid A analogues derived from the PCM continuum solvent model [58^60] (kcal mol31).
dSolvation energy contributions of the C4P^PO34 H (P4P) and C1^PO4H3 (P1) groups derived from the PCM model (kcal mol31).
evan der Waals surface area of the C4P^PO4H3 (P4P) and C1^PO4H3 (P1) groups (Aî 2).
Fig. 5. Solvation energy of lipid A analogues. Explicit solvation
energy EEsolv of lipid A analogues computed each 0.5 ps during
100 ps MD simulation trajectory in a periodic solvent box with
approximately 450 water molecules.
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relative contribution from the individual functional
groups to the EPsolv or E
D
solv in the bisphospho, mono-
phospho and dephospho lipid A analogues con¢rmed
the dominant role of phosphates in the interactions
of lipid A moiety with polar environment. In the
PCM continuum model the solvation of the phos-
phate groups contributed between 40 and 70% to
total molecular solvation energy (Table 4). The inter-
action of the C4P^PO4H3 group of LA-15-PH with
the solvent was stronger than that of the C1^PO4H3
group of LA-15-HP analogue. This can be attributed
to steric and geometrical factors such as proximity of
the C6P-hydroxymethyl group and solvent accessible
surface area of the group. Di¡erent abilities of the
C4P- and C1-phosphates to engage in polar interac-
tions with the solvent may help to explain why the
LA-15-PH and LA-15-HP analogues display di¡er-
ent activities in the Limulus assay (Toxicolor test)
[17].
3.4. Interactions of lipid A analogues with a receptor
model
Interactions of the phosphate groups with water
molecules or sodium counterions represent only a
crude approximation of the speci¢c lipid A-receptor
interactions. MD simulations of lipid A analogues
with their phosphate/hydroxyl groups bound to the
HDM, a simple model of a receptor binding site with
two charged ammonium groups that mimic the cat-
ionic side chains of lysine constrained to a certain
distance and orientation, represent a more realistic
description of the interactions of the lipid A moieties
with protein receptor. The ^NH3 headgroups of
HDM remained attached to the phosphate groups
of LA-15-PP with a mean distance d(N^P) of
3.1 þ 0.1 Aî during the whole simulation trajectory.
The mean interaction energy of the LA-15-PP moiety
with the HDM and the solvent molecules averaged
over the trajectory amounted to EEint =3561 þ 24 kcal
mol31 (Table 3). By subtracting the mean solvation
energy of LA-15-PP obtained from the explicit sol-
vent simulation (EEsolv) the approximate interaction
energy of LA-15-PP with the HDM receptor model
was estimated as EEint =382 kcal mol
31. It corre-
sponds roughly to a stabilisation energy of 341
kcal mol31 per PO4H3TNH3 ion-pair formation
when we assume that the contribution of the ali-
phatic chain of HDM to the interaction with the
lipid A was negligible compared with the energy of
the ion-pair formation. Lower contributions from the
C4P- or C1-hydroxyl groups of LA-15-PH, LA-15-
HP and LA-15-HH to polar interactions with the
ammonium groups of HDM signi¢cantly reduced
the interaction energies to EEint =38 kcal mol
31 per
^OH group. The interaction energies of the bisphos-
pho, monophospho and dephospho lipid A ana-
logues with the HDM receptor model correlated
well with the observed trend in experimental biolog-
ical activities (Table 3):
LA-15-HH M316 kcal mol31M
6LA-15-HP M346 kcal mol31M
6LA-15-PH M352 kcal mol31M
6LA-15-PP M382 kcal mol31M
The more negative the interaction energy the higher
is the predicted binding a⁄nity of the lipid A ana-
logue to the receptor model. The absolute values of
EEint thus correlate with the trend of the increasing
experimental activities [17].
In conclusion, the MD simulation on lipid A ana-
logues and lipid A:receptor model complexes indi-
cate that association of the lipid A moiety with polar
molecules, measured by the solvation energies and
lipid A-receptor interaction energies, is proportional
to the number and position of the phosphate groups
and correlates with the observed toxicity of the ana-
logues [17].
3.5. Order and packing of fatty acid chains
Parallel alignment of the fatty acid chains of the
starting structures was to a large extent preserved in
all the lipid A analogues during the MD simulations
in solution. A tilt angle between the disaccharide
headgroup axis and the mean longitudinal direction
of the fatty acid chains was found to vary between 69
and 96‡ (Table 3). The apparent length Laver of the
acyl chains remained in the range of 12.1^12.9 Aî for
all six chains in all the considered analogues. For
comparison, the length of an equivalent C12H26 hy-
drocarbon chain in the all-trans conformation d(C1^
C12) is equal to 13.8 Aî . The order parameter for acyl
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chains MScM, depicted for the last 10 methylene
groups of the six {2,3,2P,2Q,3P,3Q} fatty acid chains
of LA-15-PP (Fig. 6), was calculated from the mag-
nitudes of Gcos2af averaged over the MD trajectory.
The value of the order parameter started at lower
magnitude at the ¢rst considered methylene group
of the chain end linked to the headgroup (C4),
MScM then increased up to 0.5 towards the middle
of the chain and decreased again towards the free
chain end (C13) (Fig. 6). This pattern was, however,
not common to all the acyl chains. The {2P,2Q,3P,3Q}
acyl chains showed somewhat lower tendency for
disordered chain ends than the {2,3} chains, prob-
ably due to closer contacts and attractions from the
neighbouring chains. A similar order pattern for
fatty acid chains of ReLPS was also observed by
Obst et al. [34]. Model calculations for aggregated
phospholipids by Israelachvili et al. [63] predicted
that the order parameter remained constant along
the chain and dropped only near the chain end. A
possible explanation for the lower MScM values of
methylene groups near the GlcN-II-GlcN-I head-
group is that they are ¢xed in speci¢c orientations
by the amide-/ester-linkages [34]. In general we can
conclude that the fatty acid chains spent most of the
MD simulation time in water in a nearly extended
conformation and retained an ordered compact par-
allel alignment.
The packing parameter of the lipid A analogues
was estimated for the averaged structures obtained
by averaging over the recorded MD con¢gurations
and a subsequent stereochemical re¢nement. The ap-
proximate cross-section of the GlcN-II-GlcN-I head-
group was estimated between 86 Aî 2 and 142 Aî 2 for
the four analogues and depended on the number of
the phosphate groups in the molecule and presence
of the Na counterions (Table 3). The resulting
packing parameter P was found within interval
0.9^1.5. Our estimate of the packing parameter sug-
gests that the LA-15-PP analogue prefers lamellar
aggregates (P6 1) while the remaining three mono-
phospho and dephospho lipid A analogues show a
preference for non-lamellar aggregates (Ps 1).
The supramolecular structure of di¡erent lipid A
and LPS forms has been studied in the past and led
to the conclusion that the endotoxic potency of a
lipid A sample may be related to the ability to adopt
non-lamellar structures [4]. In the series of the four
considered lipid A analogues the biological activity
parameter [17] is roughly proportional to the number
and position of the phosphate groups in the molec-
ular structure and increases with the increasing num-
ber of phosphates. On the other hand, the predicted
tendency to form non-lamellar aggregates, under the
conditions of the present study was found to increase
with the decreasing number of phosphate groups,
which contradicts the conclusions of Brandenburg
et al. [4]. Recent reports have shown that speci¢c
interactions with cell surface receptors are probably
responsible for the biological e¡ects rather than the
non-speci¢c e¡ect of the supramolecular structure of
the lipid A or LPS aggregates [9^14].
4. Conclusions
The present study has demonstrated that even
though the chemical structures of the lipid A ana-
logues are di¡erent, these molecules share common
conformational and dynamic features such as the
molecular shape, disaccharide headgroup conforma-
tion, phosphate group orientation, compact aligned
packing and order of the fatty acid chains, tilt and
bend angles of the headgroup and the hydrophobic
chains. The bisphospho, monophospho and dephos-
pho lipid A analogues di¡er in the number and posi-
tion of the attached phosphate groups and the result-
ing physicochemical properties such as molecular
charge, solvation energy, reactivity towards charged
Fig. 6. Pro¢les of order parameter of fatty acid chains. MScM for
six chains of solvated lipid A analogue LA-15-PP coordinated
by two Na ions averaged over 100 ps MD simulation trajec-
tory.
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and polar species and ability to form ion-pairs and
hydrogen bonds with polar or cationic proton do-
nors. Experimental data on biological activity of
the lipid A analogues [17] showed that the activities
increase with the number of phosphate groups in the
lipid A moiety and depend on the position of the
phosphate groups in the GlcN-II and GlcN-I rings.
Explanation of the observed relationship between the
chemical structure and biological potency was de-
rived from simple mechanistic models.
The capability of lipid A variants to adopt non-
lamellar structures, which is dependent on the molec-
ular shape (and is related to the ability of the fatty
acid chains to intercalate into the phospholipid mem-
brane of a host cell) has been suggested to be related
to their bioactivities [4]. The molecular packing pa-
rameter of solvated lipid A analogues and the ability
to form non-lamellar aggregates predicted from MD
simulations according to Israelachvili [63] did not
correlate with the experimental biological activities.
On the other hand, we have shown that the biolog-
ical activity data of the four analogues correlated
well with those physicochemical properties that de-
termine interactions of the phosphate groups with
polar solvents or charged proton donor groups of a
hypothetical receptor binding site. The ability of the
phosphate groups to engage in hydrogen bonding
and ion-pair formation were described by the solva-
tion energy, RDF, CN and interaction energies of
the lipid A analogues to the HDM model receptor.
Thus a molecular mechanism of lipid A action that
assumes polar interactions of the phosphates with a
receptor binding site, which contains two cationic
amino acid residues (such as lysine) in a suitable
geometrical arrangement to complement the lipid A
headgroup, can rationalise the observed trend in bio-
logical activities of the lipid A analogues. Interaction
energy of lipid A analogues to the model receptor is
proportional to the number as well as position of the
phosphate groups in the lipid A moiety and corre-
lates with the experimental bioactivities of the ana-
logues. Thus a mechanism of action that assumes
speci¢c ion-pair formation between the phosphates
and the cationic amino acids of the receptor model
rationalises the observed structure^activity relation-
ships. Presence of cationic side chains at the receptor
binding sites has been repeatedly reported in LPS-
binding sequences of peptides and proteins, which
are rich in basic amino acid residues and display
an amphipathic character [20^26]. Therefore, a mech-
anism of action that involves interactions of the
charged phosphate groups seems to be more plausi-
ble than an alternative mechanism, which assumes
the molecular shape, aggregation and interactions
of the fatty acid chains with the host cell membrane.
Details of construction of a more realistic peptidic
pseudoreceptor model and description of lipid A
binding to amino acid sequences of the amphipathic
binding site are elaborated in a parallel study [69].
Some cationic amphipathic drugs and peptides
have been reported to interact with the lipid A while
the resulting complexes are virtually inactive
[23,26,70]. Therefore, a possible therapeutic ap-
proach aimed at neutralisation of biological e¡ects
of lipid A could be based on the design of cationic
amphipathic peptides or drugs with a complementary
structure to the lipid A headgroup that would form
ion-pairs with the phosphates and thus compete with
the host cell receptors for lipid A binding.
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